The tobacco knox1 genes tokn1 and tokn2 were isolated and their neomorphic capacities were tested while expressed in tobacco and potato. In addition, their neomorphic capacities were compared to barley bkn3 transgenic plant material. While tokn2 and bkn3 induced epiphylly in tobacco and supercompound leaves in potato, tokn1 failed to produce such prominent knox1 specific phenotypes. In wild type tobacco, alleles of the tokn genes were found to be expressed within distinct zones of the shoot apical meristem (SAM), leaving out regions that correlated with leaf founder cells [1] . In contrast, the expression of the tokn genes was detected throughout the meristem and in leaf primordia of epiphyllous shoots that developed in tobacco over-expressing the barley hooded gene bkn3. It was determined that such extended expression domains of resident tobacco knox1 genes were mediated through an enhanced expression domain of bkn3 within the tissue confined to the epiphylls, and this contributed to "repeated epiphylly", i.e. an iterated development of epiphyllous shoots on leaves of progenitor epiphylls.
Introduction
Studies of meristem and leaf development in relation to homeobox genes, were substantially enhanced by examining the dominant character of the leaf phenotype (knot formation on leaves) of the maize Knotted1 mutant, in association with a gain-of-function of the homeobox gene knotted1 in leaves [2] . Kn1 and related homeobox genes were classified as knox genes, and were further subdivided into the meristem-specific class one (knox1 ) and the ubiquitously expressed class two (knox2 ) [3, 4] . Based on sequence homologies, KNOX proteins were further grouped within the TALE (Three Aminoacid Loop Extension) superfamily of homeodomain transcription factors present in all eukaryotes [5] . In plants, transgenic and mutational alterations of knox1 gene expression levels modified simple and compound leaf shapes (6; see below), induced meristems, and subsequently shoots on modified, simple, and compound leaf shapes [6] induced meristems, and subsequently shoots on leaves-herein referred to as epiphylly, see Dickinson [7] -participated in the initiation and maintenance of the shoot apical meristem (SAM) [8] , floral transition [9] , inflorescence architecture [10] , and flower organ development [11] .
The life of a leaf starts within the flanks of the SAM as a group of founder cells; at present, the plant kingdom is divided into plants that exclude or include the expression of knox1 genes in leaf founder cells. The former plants are maize [3] , rice [12] , pea [13] , Arabidopsis [14] , and, more relevant to this paper, tobacco [1] . In contrast, knox1 genes are expressed in leaf primordia and foliar leaf organs of barley [15] , tomato [16] , potato [17] and further compound-leaved species [6] . Epiphylly, the occurrence of plant units on leaves, occurs when knox1 genes are constitutively expressed in most of the simple-leafed species mentioned. This phenomenon is closely associated with the knox1 gene hooded or bkn3 of barley. The dominant barley Hooded mutation is characterized by the spatially restricted over-expression of bkn3 within a leaf of the barley floret, and this localized overexpression precedes the de novo formation of a meristem and resultant epiphyllous floret [18] . In addition, depending on the developmental stage of transgenic tobacco plants, a 35S::bkn3 construct results in epiphyllous shoots and epiphyllous inflorescences, thus mimicking the Hooded mutant [19] . CaMV 35S::knox1 -characteristic leaf phenotypes in tobacco start from mild, i.e. wrinkled leaf laminae and palmate venation pattern to severe; i.e. dwarfed plants with epiphyllous shoots [20] . The knox1 -specific phenotype when over-expressed in a compound-leaved plant species leads to an increased degree of ramification or "super-compoundness" [16] . This paper reveals a phenomenon, "repeated epiphylly;" i.e. the iterated occurrence of epiphyllous shoots on leaves of progenitor epiphylls. It has been observed in simple-leaved 35S::bkn3 transgenic [common] tobacco and tree tobacco material (Nicotiana tabacum and Nicotiana glauca, respectively) that was cultivated for several years in the greenhouse. Thus, the neomorphic capacities of two tobacco knox1 genes is shown in order to evaluate their potential contribution to repeated epiphylly. We find that the expression domains of resident and transgenic knox1 genes within epiphyllous meristems of 35S::bkn3 transgenic tobacco could trigger this phenomenon.
Experimental procedures

Source of tobacco knox1 sequences
An EcoRI-cloned λNM1149 cDNA library of the tobacco cultivar Petite Havana, SR1 [21] served for the isolation of knox1 clones by radioactive hybridization using the homeobox sequence of bkn3 as a probe. The tobacco cDNA clones obtained for tokn1, tokn2 and tokn3 have the accession numbers AF544052, AF544053 and AF544054, respectively.
Cloning of knox1 cDNAs for plant transformation and plant material
The cloning and transformation of CaMV 35S::bkn3 in tobacco was described earlier [18, 19] and the transformation of CaMV 35S::knox1 constructs in common tobacco (Nicotiana tabacum cv Petit Havana SR1), tree tobacco (Nicotiana glauca) and potato (Solanum tuberosum cv. Desirée) followed identical procedures. Cloning in detail was performed as follows: No cDNAs in full length at the 5'-end were isolated for tokn2 and tokn3. Inserting the EcoRI fragment of tokn2 from λNM1149 into pRT104, fused ten, PCR-cloning of tokn3 into pRT104, using primers elongated by restriction enzyme recognition sites for NcoI and XbaI, three amino acids to their N-terminal sequences, respectively. An EcoRI-fragment of tokn1 was cloned from λNM1149 in 5' to 3' orientation into pRT101 [22] . 35S promoter-cDNA-terminator fragments were subsequently released from pRT vectors and cloned into the Hind III restriction site of pBIN19 [23] for Agrobacterium-mediated leaf disc transformation [24] . Since no phenotypical differences occurred in the distribution of knox1 -specific phenotypes between 35S::tokn2 and 35S::tokn3 clones of transgenic tobacco and potato the clones obtained were subsumed under 35S::tokn2 within this paper considering tokn2 and tokn3 to be allelic (see also Figure 1 ).
In situ-hybridization
The detection of mRNAs of the knox1 genes bkn3, tokn1 and tokn2 by in situ-hybridizations of 35S::bkn3 -transgenic tobacco epiphyllous shoots to digoxygenin labelled RNA probes was carried out according to Schmitz et al [25] . The sense and anti-sense RNA probes were generated by in vitro-transcription reactions from PCR products which had been generated with oligonucleotides elongated by T3-and T7-promoter sequences, respectively. The probes covered the first 300-330 bp downstream of the ATGs of bkn3, tokn1 and tokn2. Figure 1 shows the projected amino acid sequences of tokn1, tokn2, tokn3, NTH1, NTH20 and bkn3 : With more than 98 % identity, TOKN1 can be considered an allele of the previously described NTH1 [1] . The two genes were derived from the tobacco varieties, Petite Havana SR1 and Samsung, respectively. TOKN2 and TOKN3 are highly homologous (with 96 % and 94 % identity, respectively) to NTH20 [1] , thus suggesting their allelism and with NTH20, although the latter lacks a stretch of ten amino acids. Both tokn1 and tokn2 belong to the knox1 class but striking phenotypic differences occurred when their cDNAs were constitutively expressed under the control of the CaMV 35S promoter. In contrast to the wild type tobacco leaf (Fig. 2a) , the most severely altered phenotype of 35S::tokn1 transgenic tobacco plants only produced slightly wrinkled leaves (Fig.  2b) . Instead, 35S::tokn2 transgenic tobacco clones produced the whole array of knox1 -characteristic leaf modifications, ranging from slightly palmate venation patterns only to wrinkled leaf laminae, and to plants producing elaborate epiphyllous shoots (Fig. 2c) . In contrast to tobacco plants that constitutively expressed bkn3 [19] , extreme dwarfism was not observed for 35S::tokn2 transgenic tobacco plants that carried epiphyllous shoots. A similar result was obtained when tokn1, tokn2 and bkn3 were constitutively expressed in potato: The 35S::tokn1 transgene only generated phenotypes that resembled the wild type compound potato leaf (Fig. 2d Insert) whereas the over-expression of tokn2 produced super-compound leaves (Fig. 2 d) (Fig. 2d) . Taken together, the knox1 -specific neomorphic capacity of the investigated genes increased from tokn1 over tokn2 to bkn3. When 35S::bkn3 transgenic tobacco plants were cultivated for 2-3 years the phenomenon of repeated epiphylly became macroscopically noticeable and most obvious in severe phenotypes of 35S::bkn3 transgenic Nicotiana glauca plants, that over a 6 year period only developed cushions of repeated epiphyllous and lateral shoots lacking the formation of prominent main shoots ( Fig. 2f and 2g ). 
Results
Knox1 -sequences and neomorphic potentials of tokn1, tokn2 and bkn3
ig. 1 Sequence comparison of KNOX proteins over-expressed in transgenic plants.
A box-shaded sequence comparison suggests allelism between TOKN1 and NTH1 and between TOKN2, TOKN3 and NTH20, respectively: Identical and similar amino acid residues of the deduced protein sequences are shaded in black and gray, respectively. The tobacco proteins are compared to BKN3 and the conserved domains are indicated as follows: The underlined region corresponds to the homeodomain, the dotted underline marks the ELK-region and the KNOX-domain is emphasized by a dashed underline. Differences in the KNOX-sequences are labeled in red for TOKN1 and NTH20 and in yellow for TOKN2, TOKN3 and NTH20. Chimeric amino-terminal truncations of the proteins resulting from sequences of the pRT plant expression vectors are underlined in the TOKN2 and TOKN3 protein sequences. 
Localization of tokn1 and tokn2 to epiphylls of 35S::bkn3 transgenic tobacco
The cytological origin of the vegetative epiphyllous shoots from the subepidermal cell layer of juvenile leaves of bkn3 transgenic tobacco, has been reported [19] . To understand the role of the transgene in the expression of this phenomenon, the distribution of bkn3 mRNA and of resident knox messages, tokn1 and tokn2, was investigated by in situ-hybridization of tobacco leaves displaying epiphylls. In 35S::bkn3 -tobacco tokn1 transcripts were localized within the epiphyllous meristem and its leaf primordia. The hybridization signal was strongest in the apex and at the adaxial side of each primordial leaf (Fig. 3a) . Similar to tokn1, the expression of the neomorphic tokn2 transcript was not restricted to the epiphyllous SAM but expanded to the adaxial side of the leaf primordia derived from the epiphyllous shoots (Fig. 3b) . The bkn3 transcripts were found in the meristematic region of the epiphylls, as well as in young leaf primordia. Similar to the localization of the mRNAs of tokn1 and tokn2 , the mRNA of bkn3 was detected at highest levels in the epiphyllous meristems and on the adaxial side of the developing leaf primordia (Fig. 3c,d ). However, a somewhat enlarged domain of bkn3 expression was found subtending the epiphyllous meristems (Fig. 3d ).
Discussion
The phenotypes obtained in tobacco transgenic for tokn1 and tokn2 were consistent with a report on 35S::NTH1 and 35S::NTH20 tobacco, respectively [27] . In multiple sequence alignments (not shown), tokn1 taken together with for example, Liguleless3 out-groups from other knox1 genes, this subgroup seems to have a low neomorphic capacity from over-expression in transgenic plants. Instead, over-expression of tokn2 produced knox1 -characteristic phenotypes, apparent as epiphylly in tobacco and leaf super-compounding in potato. Such different neomorphic potentials of KNOX1 proteins from over-expression, can be attributed to discrete sequence differences within their KNOX-domains [28] . In contrast to bkn3, however, over-expression of tokn2 did not induce repeated epiphylly in tobacco after years of cultivation, and the epiphylly syndrome was not accompanied by severe dwarfing. Additionally, the degree of 35S::knox1 induced leaf ramification of the potato leaf was moderate for tokn2 compared to bkn3. Since both tobacco and potato belong to the Solanaceae plant family, the tokn2 gene is supposedly more closely related to resident potato knox1 genes that are expressed in the potato SAM and in the primordial leaf [17] . Therefore, we assume that the addition of the more distantly related grass gene bkn3 phylogenetically, to the resident potato knox1 gene expression-in comparison to tokn2 -has a higher neomorphic capacity in changing the "unipinnate compound leaf homeosis" of the wild type potato leaf toward a super-compound. Accordingly, the overexpression of maize kn1 in tomato, induced a higher degree of a super-compound quality in tomato leaves when compared to the phenotype of the over-expressed tomato knox1 gene LeT6 [29] . Thus, we assume also that the occurrence of repeated epiphylly in Display of cross sections of epiphyllous shoots growing on the adaxial side of 35S::bkn3 -transgenic tobacco leaves hybridized to knox1 probes. For the knox1 anti-sense probes used here the intensities of the signals were strongest in the shoot apices (red arrows) and at the adaxial sides of the youngest leaf primordia (yellow asterices) of the epiphyllous shoots. In (a) the in situ hybridization of the tokn1 anti-sense probe to a vegetative epiphyllous shoot of 35S::bkn3 transgenic tobacco is shown and in (b) a tokn2 anti-sense probe was used. In (c) epiphylls of 35S::bkn3 tobacco were hybridized to the bkn3 antisense probe. In (d) the same probe as in c was used but hybridized to older epiphylls.
In (e) the control hybridization to a bkn3 sense probe is shown and delivered the same result as control hybridizations to sense probes of tokn1 and tokn2 : No signal was detected within the apices and leaf primordia of the epiphylls, unspecific signals within the tobacco leaf vasculature, however, also appeared in sense-probes for genes other than the ones used here.
tobacco upon bkn3 over-expression-but not from tokn2 over-expression-is mediated by the sequence differences between the heterologous BKN3 and the homologous TOKN2 proteins. The transcripts of tokn1, tokn2 and bkn3 were localized within the epiphyllous shoots of bkn3 -transgenic tobacco plants. Most intriguing, the bkn3 expression domain in bkn3 -induced tobacco epiphylls was not only reminiscent of the presence of bkn3 transcripts in barley leaf primordia [15] but tokn1 and tokn2 also appeared to follow an unusual expression domain of bkn3 within epiphylls. We found the tokn1 and tokn2 genes were strongly expressed in the shoot meristem and in the leaf primordia of bkn3 -induced epiphylls, while the expression of the Samsung alleles, NTH1 and NTH20 respectively, have been shown to be absent from leaf founder cells in the wild type tobacco SAM [1] . A single comparable experiment has been described previously, but with a different result. As in the Arabidopsis SAM, transcripts of the knox1 genes KNAT1 and STM were present in the central meristem, but absent from the leaf primordia of epiphyllous shoots of 35S::KNAT1 transgenic Arabidopsis [30] . Conversely, KNAT1 expression can be activated by STM when ectopically expressed in leaves [31] , and in this sense, bkn3 could have triggered the expression of resident tokn genes. Alternatively, the expression patterns of resident tokn and bkn3 mRNAs in bkn3 -induced epiphylls suggest prolonged stabilization and/or transport of endogenous knox1 transcripts upon bkn3 over-expression within epiphylls. A complex of the KN1 protein associated with its mRNA was described to move from cell to cell [32, 33] and a similar mechanism involving the BKN3 protein might have generated the expression domains of bkn3, tokn1 and tokn2 detected in bkn3 -induced epiphylls. Although undetermined molecular mechanisms might have created the abundance of knox1 transcripts in epiphyllous leaf primordia, the high concentrations of the neomorphic tokn2 and bkn3 transcripts partially accounted for the phenomenon of repeated epiphylly in tobacco and this was also the case as far as tree tobacco was concerned. Similarly, the spatial over-expression of bkn3 in barley floral leaf organs precedes the formation of epiphylls in the barley Hooded mutant [18] .
Gross examination reveals that the development of repeated epiphylly best compares to the formation of super-compound leaves when simple-and compound-leaved species are subjected to bkn3 over-expression. In both cases, basic plant units reiterate -on one hand the whole aerial plant body and on the other hand just a leaf or leaflet. We could recently generate 35S::bkn3 transgenic dandelion plants that developed compound instead of simple leaves; in addition, displayed epiphyllous shoot formation [manuscript submitted]. This study demonstrated that both types of knox1 -specific plant-unit reiterations can be achieved in a single plant species, and supports the comparison of repeated epiphylly to increased leaf-compoundness.
